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Summary
In sensory neurons, successful maturation of signal-
ing molecules and regulation of Ca2+ are essential
for cell function and survival. Here, we demonstrate
a multifunctional role for calnexin as both a molecular
chaperone uniquely required for rhodopsin matura-
tion and a regulator of Ca2+ that enters photoreceptor
cells during light stimulation. Mutations in Drosophila
calnexin lead to severe defects in rhodopsin (Rh1)
expression, whereas other photoreceptor cell proteins
are expressed normally. Mutations in calnexin also
impair the ability of photoreceptor cells to control
cytosolic Ca2+ levels following activation of the light-
sensitive TRP channels. Finally, mutations in calnexin
lead to retinal degeneration that is enhanced by light,
suggesting that calnexin’s function as a Ca2+ buffer
is important for photoreceptor cell survival. Our
results illustrate a critical role for calnexin in Rh1
maturation and Ca2+ regulation and provide genetic
evidence that defects in calnexin lead to retinal degen-
eration.
Introduction
G protein-coupled receptors are synthesized on mem-
brane-bound ribosomes and undergo translocation,
modification, folding, oligomeric assembly, and quality
control in the endoplasmic reticulum (ER) (Ellgaard
and Helenius, 2003b). To deal with these complex and
error-prone processes, the ER has evolved a system
centered around the calnexin family of molecular chap-
erones, which promotes the proper folding and assem-
bly of newly synthesized glycoproteins. Calnexin is
a type I transmembrane protein that, like its soluble ER
homolog calreticulin, interacts with the monoglucosy-
lated glycan (Glc1Man7-9GlcNAc2) present on folding
intermediates of glycoproteins. Nascent glycoproteins
associate with calnexin or calreticulin via a cycle of bind-
ing and release. (Ellgaard and Helenius, 2003a; Molinari
et al., 2004; Schrag et al., 2001; Ware et al., 1995). This
cycle is key for ER quality control, as it inhibits aggrega-
tion, prevents premature exit from the ER, and exposes
glycoproteins to accessory enzymes and folding factors
*Correspondence: njcolley@wisc.edu(Ellgaard and Helenius, 2003a). Despite considerable
understanding of the calnexin/calreticulin cycle, little is
known about the requirement for calnexin in protein pro-
cessing in vivo.
Rhodopsin is the prototypical member of the vast G
protein-coupled receptor family. As in vertebrates, Dro-
sophila rhodopsin (Rh1) initiates the phototransduction
cascade by interacting with a heterotrimeric G protein,
which then activates a distinct effector enzyme, namely
phospholipase C (PLC-b). Activation of PLC leads to the
opening of the cation-selective TRP and TRPL channels,
resulting in a dramatic rise in intracellular Ca2+ (reviewed
in Hardie and Raghu, 2001; Pak and Leung, 2003).
To become functionally active, newly synthesized
rhodospin must be precisely folded and successfully
navigate the secretory pathway to the phototransducing
compartment of the photoreceptor cells, the rhabdo-
meres (Colley et al., 1991). Rhabdomeres consist of
numerous tightly packed microvilli containing the
phototransduction machinery. The mechanisms that
regulate the folding and transport of rhodopsin are
essential for photoreceptor cell function and survival, as
defects in rhodopsin maturation lead to retinal degener-
ation in both Drosophila and vertebrates (Colley et al.,
1991, 1995; Kurada and O’Tousa, 1995; Pacione et al.,
2003; Sung and Tai, 2000; Webel et al., 2000). Protein
maturation defects characterized in blinding diseases
have broad implications, as protein misfolding and ag-
gregation are characteristic of a variety of neurodegen-
erative diseases, including Alzheimer’s disease, Parkin-
son’s disease, and Huntington’s disease (Muchowski
and Wacker, 2005). Here, we investigate whether cal-
nexin functions as a chaperone for Rh1 and whether mu-
tations in calnexin lead to neurodegeneration.
In addition to its role as a molecular chaperone, cal-
nexin is thought to bind Ca2+ at two distinct sites. The
first resides in the long N-terminal domain localized to
the lumen of the ER. The crystal structure of vertebrate
calnexin shows that this luminal domain consists of
two distinct regions: a compact, globular domain and
a proline-rich arm called the P domain (Figure 1A). The
globular domain is thought to bind a single Ca2+ ion
and is also involved in glucose binding (lectin domain)
(Schrag et al., 2001). Although less well defined, several
lines of evidence suggest that calnexin may harbor
a second Ca2+-binding domain within the highly charged
C-terminal cytosolic tail (C domain). Interestingly, this
cytosolic domain displays structural similarity to calreti-
culin’s luminal C domain, but is positioned on the oppo-
site, cytosolic side of the ER membrane (Tjoelker et al.,
1994). Calreticulin’s C domain displays low-affinity and
high-capacity Ca2+ binding and is thought to buffer lumi-
nal Ca2+ (Baksh and Michalak, 1991). While the in vivo
role of calnexin’s C domain is unknown, these Ca2+-
binding properties would make it ideal for buffering
high concentrations of cytosolic Ca2+.
Precise spatial and temporal control over Ca2+ levels
is essential for phototransduction in both vertebrates
and invertebrates. Furthermore, prolonged elevation of
cytosolic Ca2+ can be toxic, leading to cell death (Dolph
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230Figure 1. Drosophila Calnexin
(A) Proposed structure of Cnx. (Top box) A schematic of the proposed three-dimensional structure for Cnx based on crystallization of the luminal
domain of canine calnexin (Schrag et al., 2001). (Bottom box) The proposed domain structure of the Drosophila Cnx protein, showing the N-ter-
minal luminal domains (amino acid numbers 1–489), the transmembrane (TM) domain (amino acid numbers 490–508), and the cytosolic domain
(amino acid numbers 509–605). It has been proposed that the luminal domain contains two distinct regions: a compact, globular domain (purple)
and a proline-rich arm called the P domain (orange) (Schrag et al., 2001). Shown are the proposed Ca2+-binding (Ca2+) and glucose-binding sites
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231et al., 1993; Fain and Lisman, 1999; Wang et al., 2005). In
Drosophila, the light-sensitive TRP and TRPL channels
mediate a massive Ca2+ influx into the rhabdomeres
that is essential for amplification, rapid-response kinet-
ics, and light adaptation (Hardie and Raghu, 2001). Ca2+
can rise to about 1 mM in the rhabdomeres (Postma
et al., 1999) and is removed from the rhabdomeres by
a combination of the Na+/Ca2+ exchanger (CalX) (Ober-
winkler and Stavenga, 2000; Wang et al., 2005) and diffu-
sion into the cell body, where Ca2+ rises to about 10 mM.
The mechanisms controlling Ca2+ in the cell body are
poorly understood but presumably include sequestra-
tion by the sarco-endoplasmic reticulum Ca2+ ATPase
(SERCA) (Hardie, 1996a) and buffering by cytosolic
Ca2+-binding proteins. Here, we explore the hypothesis
that calnexin serves as a buffer for cytosolic Ca2+ follow-
ing the acute Ca2+ rise during phototransduction and
that it may thereby help to prevent Ca2+ toxicity and pro-
mote photoreceptor cell survival.
In this report, we demonstrate a multifunctional role
for calnexin as both a critical molecular chaperone for
Rh1 biosynthesis and a regulator of cytosolic Ca2+.
Mutations in calnexin cause retinal degeneration that is
enhanced by light, suggesting that calnexin’s role in
Ca2+ removal may be important for photoreceptor cell
survival. These results provide genetic evidence that
failure in Rh1 maturation and Ca2+ overload, resulting
from defects in calnexin, are responsible for retinal de-
generation.
Results
Mutations in Drosophila calnexin
By screening the Zuker collection of EMS-mutagenized
Drosophila lines, we identified two independent mutants
that displayed a severe reduction in Rh1 compared to
wild-type (wt) (Figure 2A, lanes 1–3). We established
that the two mutants were allelic, as the transheterozy-
gotes displayed reduced levels of Rh1 (Figure 2A,
lane 4). Furthermore, we established that both alleles
were recessive (Figure 2A, lanes 8 and 9).
To identify the mutant locus responsible for the phe-
notype, we first used deficiency mapping to narrow
the cytogenetic location to 99A7 on the third chromo-
some, corresponding to four genes (Figures 1C and
2A, lanes 5 and 6). We sequenced this small region
and identified mutations in the coding region of calnexin
in both alleles (Brody et al., 2002; Christodoulou et al.,
1997). We found that one allele harbored a C to T transi-
tion at nucleotide position 544, causing a premature
stop codon at glutamine182, and that the other allele
harbored a G to A transition at nucleotide position 356,
causing a premature stop codon at tryptophan119.Based on cytology, we designated the two alleles
cnx99A1 (cnx1) and cnx99A2 (cnx2), respectively. Dro-
sophila calnexin99A (Cnx) displays 49% amino acid
identity with human calnexin (chromosome 5q), shown
in Figure 1B.
To provide further evidence that mutations in cnxwere
responsible for the severe reduction in Rh1, we intro-
duced the wt cnx gene into the cnx mutants by using
a duplication for 99A that was translocated to the X chro-
mosome [Dp(3;1) B152] and confirmed that it restored
the normal function (Figures 1C and 2A, lane 7). Consis-
tent with the presence of the stop codons, the cnx mu-
tants displayed severely reduced levels of cnx transcript
(Figure 2B, lanes 1, 2, 5, and 6). In addition, the Cnx pro-
tein was absent in both of the cnx mutants (Figure 2C,
lanes 2 and 3), while it was detected in wt flies (Figure 2C,
lane 1). Lane 4 confirms that the mutants were allelic.
Cnx protein was not detected in the cnx1 and cnx2 mu-
tants when they were crossed to a deficiency (Df) that
eliminated 99A (Df(3R)Ptp99A[R3]) (Figure 2C, lanes 5
and 6). These data supported the hypothesis that the
mutations were in the cnx gene.
Calnexin is thought to play a role in the folding of
a large number of proteins. Consistent with this notion,
cnx was ubiquitously expressed at all stages during de-
velopment and in the adult (Figure 2B). cnx transcript
was detected in wt embryos (Figure 2B, lane 9), larvae
(Figure 2B, lane 8), and adult heads and bodies
(Figure 2B, lanes 3 and 7, respectively). cnx transcript
and Cnx protein were also detected in heads from flies
lacking eyes (eya1) (Figure 2B, lane 4, and Figure 2C,
lane 8), indicating that cnx expression was not restricted
to the eyes. Despite the widespread expression pattern
of cnx, it was not required for viability or fertility of the
flies, as the mutants were homozygous viable. Although
Rh1 required Cnx for its expression, Cnx expression
was normal in Rh1 mutants (Figure 2C, lane 7).
Mutations in calnexin Lead to Defects
in Rhodopsin Maturation
Although Rh1 protein levels were severely reduced in
the cnx mutants (Figure 2A, lanes 2 and 3), Rh1 tran-
script levels were normal in both (see Figure S1 in the
Supplemental Data available online). These data sug-
gest that Cnx functions post-transcriptionally and are
consistent with a role for Cnx as a chaperone in Rh1 bio-
synthesis.
To investigate the role of Cnx in Rh1 biosynthesis, we
assessed the kinetics of Rh1 maturation in the cnx1 mu-
tant (Figure 3A). We utilized transgenic flies carrying the
Rh1 gene under the control of a heat-shock promoter
(hs) and tagged with an epitope corresponding to 12
amino acids at the C terminus of bovine rhodopsinwithin the globular domain. The TM segment (green) was identified based on hydropathy plot analysis of the conceptual Cnx protein using the
Kyte-Doolittle algorithm (Kyte and Doolittle, 1982) (data not shown). The carboxyl-terminal cytosolic domain (yellow) is highly charged and
effectively binds Ca2+ (Tjoelker et al., 1994).
(B) Drosophila cnx encodes a 605 amino acid protein that displays 49% identity with human calnexin (chromosome 5q). Clustal/W amino acid
alignment between Drosophila Cnx and human calnexin (CNX). Dark shading indicates identity, whereas light shading indicates similarity. Num-
bers refer to amino acids.
(C) Drosophila deficiencies and duplications corresponding to cnx are shown. The following deficiencies failed to complement the cnx alleles:
Df(3R)3450 uncovers 98E3 to 99A6-8, Df(3R)Dr-rv1 uncovers 99A1-2 to 99B6-11, Df(3R)01215 uncovers 99A6 to 99C1, Df(3R)Ptp99A[R3] un-
covers 99A7. A Drosophila stock with a duplication for 98F14 to 100F and translocation to the X chromosome [Dp(3;1)B152] positively comple-
mented the cnx alleles.
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232Figure 2. Characterization of calnexin Mutant
in Drosophila
(A) Rh1 protein was severely reduced in both
cnxmutants. Immunoblot of proteins isolated
from heads of young flies prior to retinal de-
generation (0–4 days old) were labeled with
a monoclonal antibody directed to Rh1
(4C5). (1) Wild-type (bw;st), (2) cnx1, (3) cnx2,
(4) cnx1/cnx2 transheterozygote, (5 and 6)
cnx1 and cnx2 mutants in trans to a deficiency
(Df) that eliminates 99A (Bloomington stock,
Df(3R)Ptp99A[R3]), (7) cnx1 complemented
by the duplication for 99A (Bloomington
stock, Dp(3;1) B152), and (8 and 9) cnx1 and
cnx2 heterozygotes, respectively (carried
over a wt chromosome). Nitrocellulose mem-
branes were stained with Ponceau S to en-
sure that each lane contained the appropriate
amount of protein. Numbers at the top refer to
the number of fly heads loaded per lane. We
loaded more heads in the mutant lanes be-
cause very little Rh1 protein was expressed.
(B) Cnx transcript was severely reduced in
both cnx mutants. Northern blot analysis re-
vealed that cnx encodes a 2.6 kb transcript.
(1) cnx1 heads, (2) cnx2 heads, (3) wt heads,
(4) heads from flies lacking eyes (eya1), (5)
cnx1 bodies, (6) cnx2 bodies, (7) wt bodies,
(8) wt larvae, and (9) wt embryos. mRNA
was isolated from 0- to 7-day-old cnx mu-
tants, prior to retinal degeneration. Ten mi-
crograms of polyA+ selected RNA was loaded
into each lane. An internal control for loading
was a DIG-labeled actin RNA probe (not
shown) (Roche, Indianapolis, IN). The wt
strain used was Canton S.
(C) Cnx protein was absent in the cnx mutants. Immunoblot labeled with a polyclonal antibody directed to Cnx detected a 97 kDa band. (1) Wild-
type (bw;st), (2) cnx1, (3) cnx2, (4) cnx1/cnx2 transheterozygote, (5 and 6) cnx1 and cnx2 mutants in trans to a deficiency (Df) that eliminates 99A
(Bloomington stock, Df(3R)Ptp99A[R3]), (7) ninaEI17 (null mutant flies lacking Rh1), and (8) eya1 (flies lacking eyes). Nitrocellulose membranes
were stained with Ponceau S to ensure that each lane contained the appropriate amount of protein. All lanes were loaded with protein extracts
from two head samples of flies 0–3 days old, prior to retinal degeneration.(hs-Rh1-bov transgene) (Colley et al., 1995). The trans-
gene was introduced into wt, cnx1, and ninaAP269 mutant
flies. To initiate Rh1 biosynthesis, the transgenic flies
were given a 1 hr heat-pulse at 37ºC, shifted back to
22ºC, and assayed at specific time points. We followed
the fate of the heat-induced Rh1 protein by using
a monoclonal antibody (1D4) directed to the epitope
tag (bov). No Rh1 expression was detected in the flies
prior to heat-pulse (Figure 3A, lane 1, no pulse). In wt
flies, Rh1 was initially detected as immature high-MW
forms that were converted to the mature low-MW form
by 18 hr. In the cnx1 mutant, Rh1 was also initially de-
tected as immature high-MW forms but was significantly
reduced by 24 hr. By 48 hr, very little Rh1 was detected,
suggesting that most of the Rh1 was degraded.
The failure of Rh1 to mature in the cnx1 mutant was
similar to the fate of Rh1 in the ninaA mutant
(Figure 3A). We have previously shown that NinaA is
a chaperone specifically required for Rh1 biosynthesis
and maturation (Baker et al., 1994; Colley et al., 1991).
As in the cnx1 mutant, Rh1 was initially detected as im-
mature high-MW forms in the ninaA mutant. In contrast
to the cnx1 mutant, where most of the Rh1 was de-
graded, Rh1 accumulated in the immature high-MW
form in the ninaA mutant.
We also followed the subcellular localization of Rh1 in
the pulse-chase experiments (Figure 3B). In wt flies, by8 hr following the heat-pulse, Rh1 immunolocalized to
the ER in a perinuclear fashion, was detected in a punc-
tate pattern consistent with transport vesicles, and was
detected in the rhabdomeres. By 12 hr, more Rh1 was
detected in the rhabdomeres, and by 24 hr, mature
Rh1 localized solely to the rhabdomeres. This repre-
sents the normal progression for Rh1 maturation and
transport through the secretory pathway. In the cnx1
mutant, by 8 hr, Rh1 was detected predominantly in
the ER. By 12 hr, Rh1 was still most noticeable in the
ER. By 24 hr, Rh1 labeling was detected in both the ER
and rhabdomeres, but was significantly fainter than wt.
These results show that in the cnx mutant, while most
Rh1 was degraded, some Rh1 successfully evaded the
quality-control mechanisms and was transported to
the rhabdomeres. In the ninaA mutants, at 8, 12, and
24 hr, Rh1 was detected primarily in the ER. A very small
amount of Rh1 was detected in the rhabdomeres of
ninaA mutants, again indicating that a small amount of
Rh1 evaded the ER’s quality-control system.
It is possible that Cnx and NinaA are part of a protein-
processing pathway, ensuring proper folding and qual-
ity control of Rh1 during biosynthesis. To gain insights
into the epistatic relationship between the two chaper-
ones, we created mutant flies that were defective in
both cnx and ninaA. The ninaAP269;cnx1 double mutant
displayed severely reduced levels of Rh1, comparable
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4 and 2, respectively). These data demonstrate that in
the double mutant, Rh1 was effectively degraded (as in
cnx, Figure 3C, lane 2) rather than accumulating in the
ER (as in ninaA, Figure 3C, lane 3). Therefore, cnx is
epistatic to ninaA, as the phenotype of the cnx mutation
overrides the phenotype of the ninaA mutation in the
double mutant.
Because the two chaperones are required for Rh1 bio-
synthesis, we investigated the levels of NinaA protein in
the cnx mutants. Figure 3D shows that the NinaA levels
in cnx were indistinguishable from wt levels, suggesting
that the defects in Rh1 were the result of a lack of Cnx,
rather than a lack of NinaA.
Calnexin Associates with Rh1
The association of Cnx with Rh1 was assessed by coim-
munoaffinity experiments (Baker et al., 1994). Cnx was
isolated in a stable complex with Rh1 (Figure 3E, lane 2),
but did not bind to or elute from the immunoaffinity col-
umn in the absence of Rh1 (extracts from the Rh1 null
allele, ninaEI17) (Figure 3E, lane 3). These data indicated
that Cnx and Rh1 physically associate in a protein com-
plex, consistent with a role for Cnx as a molecular chap-
erone for Rh1.
Mutations in calnexin Lead to Retinal Degeneration
Examination of the cnx mutants revealed that they dis-
played an age-related retinal degeneration (Figure 4).
Photoreceptor cells in 1-day-old cnx mutants displayed
diminished rhabdomere size (Figure 4B) as compared to
wt (Figure 4A). They also displayed accumulations of
rough ER membranes, dilated Golgi, and various types
of deposits (Figures 4B and 4C). These secretory path-
way defects were consistent with a failure in Rh1 matu-
ration. The identity of the deposits is unknown, but they
may consist of degraded material within the cells. At 1
month, cnx mutants displayed a dramatic loss of rhab-
domeres in the R1-6 photoreceptor cells, while the R7
and R8 photoreceptor cell rhabdomeres remained (Fig-
ures 4D and 4E, respectively). The Drosophila com-
pound eye is made up of approximately 750 individual
eye units called ommatidia. Each ommatidium contains
eight photoreceptor cells (Figure 3B). Only R1-6 photo-
receptors express Rh1, whereas R7 and R8 cells ex-
press a variety of different opsins (Rh3-6) (Chou et al.,
1996; Montell et al., 1987; Papatsenko et al., 1997). The
finding that only R1-6 rhabdomeres degenerated, and
not R7 and R8, suggested that the opsins located in
R7 and R8 were expressed normally.
Calnexin Is Uniquely Required by Rh1
in Photoreceptor Cells
To confirm normal expression of the minor rhodopsins in
R7 and R8 cells, we performed immunocytochemical
analysis of Rh3, Rh4, and Rh5 opsins in the cnxmutants.
We found all three opsins to be correctly localized to the
rhabdomeres of the R7 and R8 cells (Figure 5), confirm-
ing that while Cnx was required by Rh1, it was not re-
quired by the R7 and R8 opsins.
We examined whether ER processing of other photo-
receptor proteins was defective in the cnx mutant.
Immunocytochemical analysis revealed that another
membrane protein, chaoptin, was present at its normallocation in the rhabdomeres of the R1-8 photoreceptor
cells in both cnx mutants (Figure 5D) and wt (Figure 5H).
In addition, we performed immunoblotting analysis to
confirm that a number of key phototransduction pro-
teins, including the G protein a subunit (Gqa), the TRP
and TRPL channels, PLC-b (norpA), arrestin 1 (Arr1),
and arrestin 2 (Arr2) were all expressed at levels indistin-
guishable from wt (Figure 5I). These results demon-
strated that while Cnx was required for processing of
Rh1, it was not required for expression of these other
photoreceptor cell proteins.
Calnexin Is an ER Protein in Drosophila
Photoreceptors
To determine the expression pattern for Cnx, we gener-
ated polyclonal antibodies that recognized a 97 kDa
band in wt flies that was not present in the mutants
(Figure 2C). Cnx localized to the ER of all eight photore-
ceptor cells, often to ER cisternae that were tightly asso-
ciated with the nuclear envelope (Figure 6). The labeling
pattern for Cnx was compared to the ER proteins,
InsP3R (inositol-1,3,5-trisphosphate receptor) and NinaA
(Figure 6). All three proteins were expressed in the ER,
but were absent from the rhabdomeres. Although the
rhabdomeres of the central R7 photoreceptor cells
were labeled by the InsP3R antibody, we previously
showed this labeling to be nonspecific (Raghu et al.,
2000). While Cnx protein was uniquely required by Rh1
in the R1-6 cells, it was detected in the ER of all eight
photoreceptor cells (Figure 6).
Retinal Degeneration Is Light Dependent
To assess whether the retinal degeneration observed in
the cnx mutants was enhanced by light activation of the
phototransduction cascade, we reared the cnx mutants
for 1 month in constant darkness. These flies displayed
a less severe retinal degeneration (Figure 4F) compared
with cnxmutants grown for 1 month on a 12:12 light-dark
cycle (Figures 4D and 4E). Therefore, activation of pho-
totransduction by light enhanced the retinal degenera-
tion in the cnx mutants. This result is contrasted to other
known mutants defective in Rh1 maturation, such as
ninaA, in which the retinal degeneration was light inde-
pendent (Figures 4G and 4H) (Colley et al., 1991, 1995;
Kurada and O’Tousa, 1995; Webel et al., 2000). In addi-
tion, the ninaA mutants degenerated more slowly com-
pared to the cnx mutants (Figures 4D, 4E, and 4G).
The finding that light enhanced the retinal degenera-
tion in the cnx mutant led us to investigate whether
Ca2+ influx through the light-sensitive channels contrib-
uted to the retinal degeneration. Null mutations in the
gene encoding the eye-enriched PLC (norpA) eliminate
the light-induced Ca2+ influx. We generated norpA;cnx
double mutants and found that norpA slowed down
the onset and progression of the retinal degeneration
in the cnx mutants (Figures 4I and 4J). The finding that
the retinal degeneration in the cnx mutants was light en-
hanced and slowed by norpA, in combination with pre-
vious findings that calnexin binds Ca2+ (Tjoelker et al.,
1994), prompted us to determine whether Cnx played
a role in modulating Ca2+ in photoreceptor cells.
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(A) Cnx was required for effective Rh1 maturation and stability. Immunoblot of proteins isolated from heads of 0- to 2-day-old flies, prior to retinal
degeneration were labeled with the 1D4 monoclonal antibody. Transgenic animals carrying the Rh1 gene under the control of a heat-shock pro-
moter (hs) and tagged with the bov-epitope (hs-Rh1-bov) were given a 1 hr heat-pulse at 37ºC and assayed at the indicated times after being
shifted to 22ºC. Numbers across the top refer to time in hours including both the hour of heat-pulse and the hours of chase. For example,
lane 1 represents animals sampled prior to heat-pulse (no pulse), lane 2 represents animals sampled directly after the heat-pulse, and lane 3
represents animals given the 1 hr heat-pulse followed by a 1 hr chase. (Top) Wild-type (two heads per lane), (middle) cnx1 (five heads per
lane for lanes 1–7 and 20 heads per lane for lanes 8–10), (bottom) ninaAP269, null allele (five heads per lane). In the cnx mutants, 20 heads
were loaded per lane, at the later time points, to view the small amount of Rh1 that remained. For reference, lanes 11 and 12 show Rh1-bov
expressed in wt and ninaAP269 flies, respectively (Rh1 promoter). The bov-epitope tag addsw2 kDa to the MW of Rh1 such that the immature
high-MW form is detected at 42 kDa and the mature low-MW form is 36 kDa. The nitrocellulose membranes were stained with 0.05% Ponceau
S to ensure that each lane contained the appropriate amount of protein.
(B) Cnx is required for effective Rh1 maturation and stability. Transgenic animals were subjected to the same heat-pulse chase paradigm outlined
in (A). Animals were fixed for immunocytochemistry at 8, 12, and 24 hr following the initiation of the heat-pulse. Confocal images of 0.5 mm thick
cross-sections were immunolabeled with the 1D4 monoclonal antibody (green). Nuclei were stained with ToPro3 (blue). Numbers across the top
refer to hours of chase following the initiation of the heat-pulse. (Top row) Wild-type, (middle row) cnx1, (bottom row) ninaAP269. The bottom panel
is a schematic of a cross-section of the R1-7 photoreceptor cells. The rhabdomeres of the R1-6 photoreceptors are shown in green (R). The
endoplasmic reticulum (ER, black) is shown around the nuclei (N, blue).
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in Ca2+ Buffering
Current models of phototransduction suggest that virtu-
ally all aspects of excitation and adaptation are medi-
ated within the microvilli. Because Cnx is located in
the ER, we predicted that mutations in cnx would not
affect the basic light responses, but might cause defects
in Ca2+ buffering in the cell body. We first investigated
the basic properties of the light-induced current (LIC)
by using whole-cell patch-clamp recordings of photore-
ceptors from dissociated ommatidia to record the ele-
mentary responses (quantum bumps) representing the
response to single-photon absorptions (Figure S2). In
addition to wt flies, ninaA mutants were used as con-
trols, because they express low (<1%) levels of func-
tional Rh1 comparable to cnx, but unlike Cnx, the NinaA
protein has no predicted Ca2+-binding domains (Shieh
et al., 1989). The most obvious phenotype in both cnx
and ninaA was the great reduction in quantum capture
(w100- to 200-fold), confirming the reduction in func-
tional rhodopsin (Figures S2A and S2C). The quantum
bump amplitude and waveform in ninaA and cnx were
indistinguishable from each other, but both showed
a significant (w50%) increase in quantum bump ampli-
tude compared to wt (Figures S2A and S2B). A similar in-
crease in quantum bump amplitudes has previously
been described in Rh1 hypomorphs (Johnson and Pak,
1986). Otherwise, the quantum bump waveform in both
cnx and ninaA was indistinguishable from wt. Macro-
scopic responses to brief test flashes and modest light
steps in cnx and ninaA were also indistinguishable
from each other, but greatly reduced in sensitivity com-
pared to wt (data not shown). These results suggested
that Cnx did not play a significant role in the basic light
response and that, apart from the reduction in Rh1, all
other key components of the phototransduction cas-
cade were functional in both cnx and ninaA.
In order to measure Ca2+ levels in the cell body during
illumination, we used the low-affinity Ca2+ indicator dye
Fluo-4FF, loaded via the patch pipette. Wild-type, ninaA,
and cnx photoreceptor cells were illuminated with the
same intensity of 485 nm light, equivalent tow108 effec-
tively absorbed photons/s in wt flies (though onlyw106
photons/s in ninaA and cnx because of the w100-fold
reduction in quantum catch). Even in cnx and ninaA,
this corresponds tow40 effectively absorbed photons/s
per microvillus and appeared to be nearly saturating,
as a 7.5-fold brighter stimulus only induced slightly
larger Ca2+ signals (Figure 7B). Fluorescence was mea-
sured from the entire cell, where the dominant contribu-tion appears to come from the cell body. After anw10–
20 ms latent period, which allows an estimate of Fmin
(see Experimental Procedures), the fluorescence in-
creased to a peak after 200–300 ms and then declined
to a steady-state plateau (Figure 7A). The absolute initial
levels reached during this brief latent period in cnx and
both wt and ninaA controls were indistinguishable, indi-
cating that there was no systematic difference in dye
loading or resting Ca2+ concentrations. However, both
the maximum level reached and the plateau in cnx
were approximately 2- to 3-fold higher than in either wt
or ninaA controls (Figure 7A). The comparison with wt
is particularly striking, because the effective intensity
of illumination was 100-fold times greater in wt flies.
We ruled out a reduction in the sacro-endoplasmic retic-
ulum Ca2+ ATPase (SERCA) (Sanyal et al., 2005) or the
Na+/Ca2+ exchanger (CalX) (Wang et al., 2005) as being
responsible for the increased Ca2+ as both proteins
were expressed at wt levels in the cnx mutants (Figures
7C and 7D). The striking differences in the cytosolic Ca2+
signals between cnx and wt (and ninaA) indicated that
Cnx played an important role in buffering Ca2+ in the
cell body.
Discussion
Here, we demonstrate that Cnx plays a multifunctional
role, serving as a chaperone for Rh1 and a regulator of
Ca2+ during phototransduction. Furthermore, we pro-
vide genetic evidence that failure in Rh1 maturation
and Ca2+ overload, resulting from defects in cnx, are re-
sponsible for retinal degeneration.
Rhodopsin Maturation and Retinal Degeneration
Calnexin serves a key role in glycoprotein folding and
quality control in the ER and is thought to interact with
a wide variety of newly synthesized proteins. Consistent
with calnexin’s broad substrate specificity, we show
that it is ubiquitously expressed at all stages during de-
velopment and in the adult. However, cnx mutants are
homozygous viable and fertile, indicating that all pro-
teins required for survival and reproduction fold suffi-
ciently in the absence of Cnx. Cnx is, however, essential
in the eye. We demonstrate that loss-of-function muta-
tions in cnx lead to defects in Rh1 maturation and cause
age-dependent retinal degeneration. Although Cnx is
essential for Rh1 biosynthesis, it is not required for the
expression or function of other photoreceptor cell pro-
teins. This indicates that even within the eye, Cnx may
play a unique role. There are two possible explanations(C) Genetic interaction between ninaA and cnx mutants. Immunoblot of proteins isolated from heads of young flies prior to retinal degeneration
were labeled with an antibody directed to Rh1 (4C5). (1) Wild-type (bw;st), (2) cnx1, (3) ninaAP269, (4) cnx1/ninaAP269 double mutant. The nitrocel-
lulose membranes were stained with 0.05% Ponceau S to ensure that each lane contained the appropriate amount of protein. Numbers at the top
refer to number of fly heads loaded per lane.
(D) NinaA was expressed normally in the cnx mutants. (1) Wild-type (bw;st), (2) cnx1, (3) cnx2. Flies assayed in all of the lanes were 1–2 days old.
The nitrocellulose membranes were stained with 0.05% Ponceau S to ensure that each lane contained the appropriate amount of protein. The
same blot was reprobed with anti-tubulin antibody. Five heads were loaded per lane.
(E) Rh1 associates with the molecular chaperone Cnx. Rh1-Cnx complexes were isolated by immunoaffinity chromatography using the antibody
directed to Rh1 (4C5 mouse monoclonal antibody). The bound fraction was eluted and subjected to SDS-PAGE and immunoblotting for (top) Rh1
protein (4C5 mouse monoclonal antibody) and (bottom) Cnx protein (rabbit polyclonal antibody). (1) Rh1 and Cnx are present in extracts from wt
heads (Canton S). (2) Elution of bound fractions from wt fly extracts reveals that Rh1 binds to the immunoaffinity column (top) and Cnx coelutes
with Rh1 (bottom). (3) Elution of bound fractions from ninaEI17 flies (flies carrying a deletion in the endogenous Rh1 gene) reveals that when Rh1 is
not bound to the column (top), the Cnx protein is not detected in the eluant (bottom). Lanes containing the eluants (2 and 3) and probed for Rh1,
reveal the IgG light chain of the 4C5 antibody, which is detected by the secondary antibody used in the immunoblot (top).
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236for the specific requirement for Cnx by Rh1. First, chap-
erones with redundant functions may compensate for
the loss of Cnx. Second, Cnx may serve as a chaperone
that is exclusively dedicated to Rh1.
With the exception of Rh1, photoreceptor cell proteins
manage to fold normally in cells lacking calnexin. This
could be due to redundancy between folding factors in
the ER. For example, calreticulin (located on 3R, 85E)
as well as two additional calnexin genes (cnx11 and
Figure 4. Cnx Mutants Displayed Age-Related Retinal Degeneration
that Was Enhanced by Light
Electron micrographs of cross-sections through mutant and wt fly
eyes. Flies were raised either on a 12:12 light-dark (L/D) cycle (A–E
and G, I, J) or in constant darkness (F and H). Scale bars, 0.5 um.
(A) Wild-type, (B) 1-day-old cnx1 mutant, (C) a higher magnification
of a 1-day-old cnx1 mutant, (D) the apical portion of a 1-month-old
cnx1mutant showing the R7 cell rhabdomere (R7). (E) The basal por-
tion of a 1-month-old cnx1 mutant showing the R8 cell rhabdomere
(R8). (F) One-month-old cnx1 mutant fly raised in constant darkness.
(G) One-month-old ninaAP269 mutant fly. (H) One-month-old
ninaAP269 mutant fly raised in constant darkness. (I) One-week-old
cnx1 mutant. (J) One-week-old norpAP24;cnx1 double mutant, dem-
onstrating that norpA confers protection from the light-dependent
portion of the retinal degeneration. R, rhabdomere; N, nucleus; ER,
endoplasmic reticulum; G, dilated Golgi; and D, deposits.cnx14) are present in Drosophila (Hong and Ganetzky,
1996). These chaperones may compensate for the lack
of calnexin function in all cases except during Rh1 bio-
synthesis. An alternative conclusion is that Cnx may
be exclusively devoted to Rh1. Consistent with this sce-
nario, another chaperone, NinaA, is also expressed in all
eight photoreceptor cells yet is specifically dedicated to
Rh1 biosynthesis in the R1-6 photoreceptor cells (Colley
et al., 1991; Stamnes et al., 1991). In addition, a cyclo-
philin-like protein expressed in the mammalian retina,
RanBP2, acts as a specific chaperone for red/green op-
sin (Ferreira et al., 1996). Given the importance and
abundance of rhodopsin, it is plausible that Cnx and
NinaA are part of a system of chaperones that is dedi-
cated to its folding and quality control.
Consistent with results presented here, calnexin-
deficient mice have been generated that are homozy-
gous viable. Half die within the first 2 days, and those
that survive are smaller than their littermates, develop
severe motor disorders, and display a dramatic loss of
large myelinated nerve fibers (Denzel et al., 2002). Mice
contain a single calnexin gene, eliminating the possibil-
ity of redundancy between calnexins. However, it is pos-
sible that calreticulin is able to partially compensate for
the loss of calnexin in utero and in adults, but is unable
to compensate for all calnexin functions.
Calnexin Functions in Ca2+ Regulation in the Cytosol
We found that photoreceptor cells in the cnx mutants
display elevated and sustained cytosolic Ca2+ levels fol-
lowing light stimulation, consistent with a role for Cnx in
buffering Ca2+. Calnexin’s cytosolic domain displays
structural similarity to calreticulin’s highly charged C do-
main, but is positioned on the opposite side of the ER
membrane (Tjoelker et al., 1994). Calreticulin’s C domain
displays low-affinity, high-capacity Ca2+-binding prop-
erties and plays a major role in Ca2+ modulation in the
lumen of the ER (Baksh and Michalak, 1991). Given
their structural similarity, we propose that calnexin’s C
domain serves a similar function in modulating Ca2+,
but in the cyotosol. These low-affinity and high-capacity
Ca2+-binding properties would make calnexin’s cyto-
solic domain ideal for buffering high levels of Ca2+ in
the photoreceptors. We propose that Cnx serves to
buffer Ca2+ that diffuses into the cell body after entering
via the light-sensitive TRP and TRPL channels.
The Drosophila compound eye has emerged as an im-
portant model for unraveling the mechanisms of retinal
degeneration and phototransduction. Retinal degenera-
tion can be triggered by mutations in almost every pro-
tein that functions in phototransduction. Although the
mechanisms for each are not well understood, these
mutations can be divided into at least two distinct clas-
ses. One involves protein maturation defects, most
commonly in rhodopsin (Colley et al., 1995; Kurada
and O’Tousa, 1995), and the other involves a combina-
tion of unregulated activities of the phototransduction
cascade and/or Ca2+ toxicity (Wang et al., 2005). Retinal
degeneration caused by defects in rhodopsin folding
does not require light activation of phototransduction
and is therefore light independent. However, retinal de-
generations stemming from unregulated phototrans-
duction or Ca2+ toxicity are dependent on light stimula-
tion of the cascade and opening of the light-sensitive
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(A–H) Cnx was not required for the expression of the R7 and R8 photoreceptor cell opsins: Rh3, Rh4, and Rh5. Shown here are confocal images of
cross-sections through 1-day-old cnx1 mutant fly eyes (A–D) compared to wt (bw;st) (E–H) that were immunolabeled with monoclonal antibodies
directed to either Rh3 (A and E), Rh4 (B and F), Rh5 (C and G) opsins, or chaoptin (D and H). In all eight micrographs, the rhabdomeres were
labeled green (arrowheads). Nuclei were stained with ToPro3 (blue).
(I) Phototransduction proteins were expressed normally in cnx mutants. Shown here is a composite image of immunoblotting results for six pho-
toreceptor cell proteins. They were all expressed at normal levels in both of the cnx1 and cnx2 mutant alleles. From left to right: G protein a subunit
(Gqa), transient receptor potential (TRP), and transient receptor potential-like (TRPL) channels, NorpA, which is PLCb, arrestin 1 (Arr1), and
arrestin 2 (Arr2) were all detected in wt (bw;st) and in both of the cnx1 and cnx2 mutant alleles. Flies assayed in all of the lanes were less than
4 days old. Mutant flies were used as controls for antibody specificity (from left to right): TRP and TRPL (trpl302; trp343), NorpA (norpAP24, null
allele), Arr1 (arr11, expresses 10% of wt levels of Arr1 [Dolph et al., 1993]), and Arr2 (arr23). The nitrocellulose membranes were stained with
0.05% Ponceau S to ensure that each lane contained the appropriate amount of protein. Five heads were loaded per lane.TRP and TRPL channels. Genetic analysis has revealed
a number of mutants that fall into one class or the other,
but very few that exhibit both properties (Georgiev et al.,
2005). The cnx mutants clearly display defects in Rh1
maturation, and yet they also undergo a light-enhanced
retinal degeneration. This indicates that defects in Rh1
maturation are not solely responsible for the retinal de-
generation. Our results, indicating impaired Ca2+ buffer-
ing in the cnx mutants, along with the ability of the norpA
mutation to partially prevent degeneration in cnx, sug-
gests that Ca2+ toxicity also contributes to the retinal de-generation. Therefore, we propose that the cnx mutant
displays characteristics of two distinct classes of retinal
degeneration; one involving defects in Rh1 maturation,
and the other involving Ca2+ toxicity.
These results provide genetic evidence that failure in
Rh1 maturation and Ca2+ overload, resulting from de-
fects in Cnx, are responsible for retinal degeneration.
Because calnexin has been localized to the ER of photo-
receptor cells in mice, it may play a protein-folding role
in the mammalian retina as well as in Drosophila (Fred-
erick et al., 2001). Furthermore, because Drosophila
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238cnx displays 49% amino acid identity with human cal-
nexin (Figure 1B), mutations identified in Drosophila
calnexin may be clinically relevant to hereditary human
retinal degeneration diseases.
Experimental Procedures
Genetic Screen, Drosophila Strains, and Transgenic Animals
We screened w12,000 ethyl methyl sulfonate (EMS)-mutagenized
lines obtained from the Zuker collection (Koundakjian et al., 2004).
The genotype of the parental wild-type stock used for the mutagen-
esis was w+; brown (bw); scarlet (st). Using this approach, homozy-
gotes were easily selected from heterozygotes based on their white
eye color. To identify potential candidate genes relevant to retinal
degeneration, we screened homozygous adult eyes for the presence
or absence of the deep pseudopupil (DPP), which is a reliable indi-
cator of the structural integrity of the photoreceptor cells (France-
Figure 6. Cnx Is Expressed in the ER of All Eight Photoreceptor Cells
Confocal images of cross-sections from wt eyes immunolabeled
with polyclonal rabbit antibodies directed to (top) Cnx, (middle)
InsP3R, and (bottom) NinaA. Nuclei were stained with ToPro3
(blue). (Arrows) Perinuclear labeling; (arrowhead) nonspecific label-
ing of R7 rhabdomere with the InsP3R antibody. (Below) A schematic
of a cross-section from the R1-7 photoreceptor cells. The rhab-
domere (R) is the photosensitive organelle comprised of numerous
microvili containing the rhodopsin photopigments and the other
components of the phototransduction cascade. The endoplasmic
reticular (ER) membrane system (red) is extensive in the photorecep-
tor cells and is perinuclear as well as elsewhere in the photoreceptor
cells, nuclei (N, blue).schini, 1972; Franceschini and Kirschfeld, 1971). We identified
w900 DPP-defective lines from which two independent calnexin al-
leles were obtained (cnx1 and cnx2). The red-eyed wt strain used in
these studies was Drosophila melanogaster Canton-S and the
white-eyed wt strains used were w1118 and the parental line, w+;
bw; st. Other fly stocks include ninaAP269, ninaEI17, norpAP24, and
eya1. Drosophila stocks with deficiencies uncovering 99A and the
duplication were obtained from the Bloomington Stock Center.
The ninaAP269; cnx1 double mutants and norpAP24; cnx1 double mu-
tants were created by using standard Drosophila techniques. We
used transgenic flies expressing wild-type Rh1 tagged with a 12
amino acid epitope tag at the C terminus P[Rh1-bov] (Colley et al.,
1995). This epitope tag does not affect Rh1 maturation or function
(Colley et al., 1995). For heat pulse-chase experiments, we used
transgenic flies expressing the Rh1-bov construct under the control
of the Drosophila Hsp70 heat-shock promoter, P[hs-Rh1-bov]
(Colley et al., 1995).
Sequencing and Alignment
Genomic DNA was isolated from the two mutant Drosophila lines
(cnx1 and cnx2) and the parental wt line (bw; st) by using standard
DNA isolation techniques (Dolph et al., 1993). Primers spanning
the cnx gene were designed based on the GenBank sequence ac-
cession number CG11958 (Brody et al., 2002; Christodoulou et al.,
1997). DNA sequence was determined by fluorescent-based se-
quencing methods, and sequence was analyzed and aligned as pre-
viously described (Haug-Collet et al., 1999).
Northern Blot Analysis
Total RNA was prepared from the heads and bodies of 0- to 7-day-
old Drosophila Canton-S, bw; st, cnx1, cnx2, and eya1 lines by using
the Ultraspec RNA isolation system (Biotecx, Houston, TX). Poly(A)+
RNA was obtained by using the Poly(A)Pure mRNA purification kit
(Ambion, Austin, TX). Poly(A)+ RNA from third instar larvae and 0–
24 hr embryos (Canton-S strain) was purchased from Clontech
(Palo Alto, CA). Poly(A)+ RNA (10 mg) was run on denaturing 1% aga-
rose gels that were processed and transferred to a positively
charged nylon membrane as previously described (Haug-Collet
et al., 1999). The DIG-labeled probe consisted of a 2.1 Kb XhoI/EcoRI
fragment, containing the entire cnx cds (EST GH03249) (Rubin et al.,
2000). A DIG-labeled actin RNA probe was used as an internal con-
trol for loading (Roche, Indianapolis, IN). Northern blots were carried
out in young cnx mutant flies, prior to retinal degeneration.
SDS-PAGE, Immunoblotting, and Affinity Chromatography
Fly head samples were separated by electrophoresis in 12% SDS-
polyacrylamide gels and electroblotted onto nitrocellulose mem-
branes as previously described (Colley et al., 1991). In all experi-
ments, nitrocellulose membranes were stained with 0.05% Ponceau
S to ensure that each lane contained the appropriate amount of pro-
tein. The 4C5 monoclonal antibody directed to Rh1 and the tubulin
antibody were obtained from the Developmental Studies Hybridoma
Bank, Iowa. Rh1 containing the bov-epitope tag was detected by us-
ing the 1D4 mouse monoclonal antibody (MacKenzie et al., 1984;
Oprian et al., 1987). The following rabbit polyclonal antibodies
were a gift from A. Becker and C.S. Zuker: NinaA (Baker et al.,
1994; Colley et al., 1991; Stamnes et al., 1991), G-a subunit of DGq
(Scott et al., 1995), Trp and Trpl light-sensitive channels (Niemeyer
et al., 1996), NorpA (phospholipase C-b) (Tsunoda et al., 1997), ar-
restin1 (Arr1) and arrestin2 (Arr2) (Dolph et al., 1993). The antibody
directed to SERCA was a gift from M. Ramaswami (Sanyal et al.,
2005), and CalX was a gift from C. Montell (Wang et al., 2005). The
immunoreactive proteins were visualized by using horseradish per-
oxidase-conjugated goat anti-mouse or anti-rabbit IgG (Jackson Im-
munoResearch, Westgrove, PA) followed by ECL detection (Amer-
sham Pharmecia Biotech, Piscataway, NJ). Immunoblotting was
carried out in young flies, prior to retinal degeneration.
Flies were subjected to affinity chromatography essentially as we
have previously described (Baker et al., 1994) by usingw3000 heads
for wild-type (w1118) and ninaEI17 flies. Membranes were prepared by
centrifugation at 100,000 3 g for 60 min. The membrane pellet was
suspended in sodium phosphate buffer containing 1% n-dodecyl-
b-D-maltoside, homogenized and centrifuged at 150,000 3 g for
60 min to remove insoluble material. The supernatant was loaded
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239Figure 7. Ca2+ Measurements in cnx, WT, and ninaA
(A) Ca2+ indicator measurements in cnx, wt, and ninaAP269 photoreceptors loaded with the low-affinity single-wavelength indicator dye Fluo-4FF
(100 mM) via the patch pipette and illuminated for 2 s with the same intensity 485 nm light (equivalent tow108 effectively absorbed photons/s in wt
flies). Traces show the mean from n = 15 cnx (cnx1 and cnx2 pooled), 10 wt, and 7 ninaA cells. For clarity, the error range (6SEM) is shown only for
cnx. (B) In a ninaAP269 cell, a second much brighter stimulus (7.5-fold higher intensity) induced only a slightly greater Ca2+ rise, excluding the
possibility that the slightly greater quantum catch in cnx mutants (Figure S2) could underlie the greatly increased Ca2+ signal in the cnx mutants
(n = 3). (C) SERCA and (D) CalX were expressed normally in the cnxmutants. (1) Wild-type (bw;st), (2) cnx1, (3) cnx2. Flies assayed in all of the lanes
were 1–2 days old. The nitrocellulose membranes were stained with 0.05% Ponceau S to ensure that each lane contained the appropriate amount
of protein. The same blot was reprobed with anti-tubulin antibody. Five heads were loaded per lane.onto columns of CNBr activated Sepharose 4B (Amersham-Pharma-
cia, Inc.) conjugated to 4C5 mouse monoclonal antibody directed to
Rh1. After exhaustive rinsing, Rh1 and its associated proteins were
eluted with triethylamine (pH 11.2). The samples were dialyzed, con-
centrated, and suspended in sample buffer (Laemmli, 1970) before
being subjected to SDS-PAGE and immunoblotting. The eluted sam-
ple was divided such that 88% of the sample was used for detection
of Cnx using the rabbit polyclonal antibody and 12% of sample was
used for detection of Rh1 using the 4C5 mouse monoclonal anti-
body.
Generation of Anti-Calnexin Antibodies
A polyclonal rabbit antibody directed to Cnx was created that corre-
sponded to a 24 amino acid peptide at the C terminus of the Cnx pro-
tein. The peptide consisted of NH2-ESREPAQTEESNTKTRKRQAR
KEK-COOH corresponding to amino acid numbers 583–605. The
peptide carried a terminal lysine residue to facilitate glutaraldehyde
conjugation to the immunogenic reagent, keyhole limpet hemocya-
nin (KLH) (Pierce Biotechnology, Inc. Rockford, IL). The antibodies
were generated in rabbits by Cocalico Biologicals (Reamstown, PA).
Immunocytochemistry
Immunocytochemistry was carried out according to Colley et al.
(Colley et al., 1991). Frozen 0.5 mm sections were immunolabeled
with the 4C5 and 1D4 monoclonal antibodies directed to Rh1 and
the bov-epitope tag, respectively (de Couet and Tanimura, 1987;
MacKenzie et al., 1984; Oprian et al., 1987). A polyclonal antibody di-
rected to Cnx was generated (see above). Monoclonal mouse anti-
bodies directed to Rh3, Rh4, and Rh5 were provided by S. Britt
(Chou et al., 1996). The antibody directed to chaoptin (24B10) was
obtained from D. Van Vactor and S.L. Zipursky (Reinke et al.,
1988). The polyconal antibodies directed to the NinaA protein were
provided by A. Becker and C.S. Zuker (Colley et al., 1991). The
InsP3R antibody was provided by M. Danin and Z. Selinger (Padinjat
et al., 2000). Primary antibody labeling was detected by fluorescein-
conjugated goat anti-mouse or Texas red-conjugated goat anti-rab-
bit (Jackson ImmunoResearch). Nuclei were labeled with ToPro-3
nucleic acid stain (Molecular Probes, Inc., Eugene, OR). Sections
were viewed using a BioRad MRC1024 laser scanning confocal mi-
croscope (BioRad Laboratories, Life Sciences Division, Hercules,CA). For each experiment, at least five individual heads were sec-
tioned and between 50 to 100 ommatidia were observed in each
eye. Immunocytochemistry was carried out in young flies, prior to
retinal degeneration.
Electron Microscopy
For electron microscopy, adult heads were fixed and processed ac-
cording to a modification of the methods of Baumann and Walz
(Baumann et al., 1994) as previously described (Colley et al., 1991,
1995). Ultrathin sections were stained with 2% uranyl acetate and
lead citrate, and viewed at 80 kV on a Phillips CM120 electron micro-
scope. For all genotypes described, at least three individual heads
were sectioned and 50 to 100 ommatidia were observed in each
eye. During initial phases of the study, serial sections were obtained
from mutant flies to ensure that the phenotype was consistent from
the apical to the basal regions of the eye.
Whole-Cell Recordings and Ca2+ Measurements
Dissociated ommatidia were prepared as previously described
(Hardie, 1991, 2001) from recently eclosed adult flies and transferred
to a recording chamber on an inverted Nikon Diaphot microscope.
The bath was composed of 120 mM NaCl, 5 mM KCl, 10 mM TES,
4 mM MgCl2, 1.5 mM CaCl2, 25 mM proline, and 5 mM alanine. The
intracellular pipette solution was 140 mM K gluconate, 10 mM
TES, 4 mM Mg ATP, 2 mM MgCl2, 1 mM NAD, and 0.4 mM Na
+-
GTP. The pH of both solutions was 7.15 (Figure S2). Measurements
of cytosolic Ca2+ were performed using the single-wavelength low-
affinity Ca2+ indicator dye fluo-4FF (nominal Kd 9.7 mM, Molecular
Probes) loaded via the pipette at 100 micromolar. Cells were illumi-
nated for 2 s with 485 nm excitation delivered via a Uniblitz shutter
(rise time < 2 ms) from a 75 W Xe arc lamp corresponding to an in-
tensity ofw1 3 108 effective rhodopsin isomerizations/s in wt flies.
Background-subtracted fluorescence values were expressed asDF/
F min, where DF is the increase in fluorescence above the basal
(Fmin) fluorescence level. The low affinity of Fluo-4FF means that
the resting cytosolic concentration of w150 nM (Hardie, 1996b)
should be close to Fmin levels for this dye. Because it was imprac-
tical to lower Ca2+ further than this, in all cells Fmin was arbitrarily
assumed to be 80% of the minimum value measured during the finite
latent period (w10–20 ms) at light onset when Ca2+ levels are still at
Neuron
240the dark resting level (Hardie, 1996b). The maximal fluorescence sig-
nal (Fmax) was estimated in a few cells (n = 4) recorded with 20 mM
internal Na+ in the electrode, by subsequently perfusing cells with
a solution containing 90 mM LiCl and 20 mM NaCl and 1.5 mM
Ca2+ (to drive reverse Na+/Ca2+ exchange) in addition to the Ca2+
ionophore ionomycin (14 mM). The maximum values reached were
approximately three to four times greater (3.686 0.74) than the max-
imal light-induced values (in cnx flies), indicating that all measure-
ments were well within the dynamic, quasilinear range of the dye.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/49/2/229/DC1/.
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